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\\ ABSTRACT

\‘\

Electrostatic plugging of multidipole cusps is investigated.
The plugging is produced by placing positively biased electrodes on
both sides of all magnetic cusps. Experimental observations show
the plasma potential follows the electrode potential and the plasma
electron density increases by a factor of about two as the electrode
bias increases from zero. The addition of a negatively biased grid
at one end of the chamber does not change the response of the plasma
electron density to the electrode bias. A model, which considers
plasma losses along the magnetic cusps as well as by diffusion trans-
verse to the field lines, is shown to qualitatively agree with the
data. The elevated interior plasma potential permits the identifi-
cation and investigation of secondary electron production at the
walls. Data is presented which shows that secondary electron emission
rate at the chamber walls can be comparable to plasma production rate.
A measurement of the relative ion densities of Hydrogen is attempted,
but the results are inconclusive as to the effect improved confine-

ment has on the various lon species densities.
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I. INTRODUCTION

The use of fields to confine laboratory plasma has been
studied for many years. The use of magnetic fields,1 to increase
particle path lengths, is limited by losses along the field lines.
For example, the use of cusps and surface magnetic fields has shown
that the loss area for ions is bounded by UryL, (Ref. 3) and or, L,
(Ref. 4) where ry =,J;;_;; » T; is the ion gyroradius, r_ is the
electron gyroradius, and Lc is the length of the magnetic cusps.
Attempts using electrostatic fields,2 to keep either ions or electrons
from the chamber walls, have failed because of heating of the grid
wires or capacitor plates, used to produce the fields, from plasma
bombardment and also because of arcing problems.

To improve plasma confinement, various authors have tried a

combination of electrostatic and magnetic confinement. Dolan5.6

describes this technique as ... magnetic shielding of the grid of an
electrostatic plasma confinement device or electrostatic plugging of
a magnetic confinement device." Most of this early work has involved
ring spindle cusp devices, with electrodes biased negative (with
respect to the plasma). The present work is the first attempt at
using electrostatic confinement in conjunction with the full line

cusp surface magnetic fields. :

R




This work uses a standard 40 liter multi-dipole soup pot in a
full line cusp configuration,l and uses magnetically shielded
electrodes to alter the internal plasma potential structure in a
way that improves the plasma confinement.

The apparatus used for this work is described in Section II.
This section also describes briefly some of the diagnostic devices
used, further descriptions being provided as needed. Section II
also discusses the basic operating regime of the device.

Experimental results are presented in Section ITII. Included
are variations of plasma potential, density, and temperature with
electrode bias. Also presented are results obtained with the device
configured to simulate an ion source.

A simple theory is presented in Section IV which gives good
qualitative agreement with the results of Section III.

» Section V deals with secondary electron emission from the
chamber wall due to electron bombardment. The appearance of the
secondary electrons is a result of the way the plasma responds to
the biased electrodes when the neutral pressure is less than
10-5 Torr.

Section VI is devoted to some experiments using hydrogen as
the neutral gas. Hydrogen was used to determine the effect the

electrodes had on the ion composition.

Section VII is a final summary of the work presented.




II. APPARATUS

The chamber used for this work was a 4O liter multi-dipole
soup pot, with the permanent magnets in a full line cusp arrange-
ment. The magnets produced a maximum field of 1 kilogauss a* the
poles.

The basic device was modified by placing positively biased
(with respect to the chamber wall) electrodes straddling each row of

magnets7 (Fig. 1). The electrodes were approximately 0.7 cm above

the wall. At this distance the magnetic field was of order 500 Gauss,
so the electrodes were magnetically shielded from the plasma. It
was possible to change the gap width from O.4 cm to 1.3 em. This
separation is on the order of the ion-gyroradius and much greater

than the plasma electron gyroradius (r, 1 cm for argon, helium,

i
and hydrogen; r, S 5 X ].O-3 cm).
The plasma was produced by electron emission from negatively

blased filaments located in the field free interior. The energy of

these ionizing electrons (hereafter called primaries) was equal to
the difference of the filament bias potential P and thé plasma
potential ¢P. The device was operated with low electron injection
(discharge) currents (Id < 1A) which produces densities on the order

of 10%° cm'3, and low fractional ionization (S 1%).
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The primary diagnostic tools used were collecting and emitt-
ing Langmir probes. The collecting probes, 1/L" diameter Tantulum
discs, were used to measure plasma electron temperature and density,
and @P in the field free regions. The emissive probe (3 mm long,
0.003 cm dismeter, hot tungsten wire) was used to map the spatial
plasma potential variation in the device. How we used the probes
will be explained more in Section IIT and Section V.

This work alsé required the use of mass spect?ometers mounted
inside and outside the chamber, and a gridded disc for launching

pseudo-waves. This apparatus will be discussed more fully in

Section VI.

Chamber eration
The primaries are confined by the surface magnetic field.

Previous experiments have shown that the leak width of the primaries
is only the order of their gyroradius (0.03 cm for the maximum |B|
of 1 kilogauss).8 Plasma electrons and lons are confined by a
combination of magnetic fields and self-consistent electric fields,
which for large electrode gaps (G > ri) are essentially the same as
those in multidipole devices without electrodes.

Consider operation with the electrodes biased at @ such that
ecpE/Te >> 1, For large gaps the plasma potential "p will be on the
order of Te/e above ground, which is the anode. As the gap narrows
to less than the self-consistent ion leak width the ions will be

electrostatically confined at the electrodes and the ion leak width




will be reduced to the gap width or slightly narrower. At the same
time the electron leak rate will increase because of the presence of
the positively biased electrodes. Improved ion confinement and
reduced electron confinement will lead to an increase in the plasma
potential until the electron and ion loss rates balance. As the
plasma potential increases, electron losses to the wall are greatly
reduced (exponentially as e ecpp/Te) and electron losses to the posi-
tive electrodes are increased. Thus the electrodes assume the
function of the anode in the plasma and the plasma potential self-
consistently adjusts to be within a few Te/e of the electrode
potential.

When wp = wE >> Te/e, plasma electrons are electrostatically
confined at the cusps, as mentioned above, and plasma electron leaks
are then dominated by diffusion across the between cusp magnetic
fields to the electrodes. Primaries can still be lost at the cusps
and this loss flux has an additional consequence. Cold secondary
electrons with energies the order of a few eV are produced by the
primaries at the walls and secondary electron currents can be com-
parable to the current from the primaries.9 In ordinary multidipole
devices these secondary electrons are indistinguishable from the
plasma electrons. In this chamber they are distinguishable because
the secondaries are accelerated through ewp/Te >> 1 before reaching
the interior of the device. These essentially monoenergetic electrons

are readily confined by the surface magnetic fields, become spatially
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isotropic and are readlly identified as an additional electron
species. See Section V for more details.

The energy of the primaries Ep is equal to e(cpp - @F) because
the plasma serves as a virtual anocde for the filaments. Since the
plasma potential @  generally follows @y (and @ < 0), @, was varied
to keep wp - ¢F = constant. The ionizing electron energy Ep remains
essentially constant as @E is varied. Although the ionization cross
section peaks below 100 eV (e.g., 90 eV for argon);lo inelastic
collisions, multiple ionizations by single electrons, and other
factors combine to give a maximum plasms density for Ep greater than
100 eV, and this optimum Ep increase with increasing neutral
pressure.11 Above this energy the density stays close to the maximum
value. For this work the primary electron energy Ep was chosen
somewhat greater than the value for maximum plasma density so any
residual small change in Ep does not have the effect of changling

the ionization efficiency.




ITI. EXPERIMENTAL RESULTS

This section will present the various experimentally deter-
mined plasma parameters, plasma potential (wp), electron temperature
(Te), and density (n) and their variation with electrode bias (:pE),
neutral pressure (po), and electrode separation (G). The operation
was confined to two separate modes: 1) multidipole plasme chamber,
2) simulated ion source.

The diagnostics used were emitting and collecting Langmuir
probes. The collecting probe was typically placed near the center
of the chamber. A voltage was swept across the collecting probe,
and an I vs. V Langmuir probe characteristic was generated and
recorded on an x - y plotter (Fig. 2). The method of getting
parameters from these characteristics involved removing the primary
electron portion by drawling the straight line through that part of
the trace (Fig. 3). That line is the baseline, the zero current
line for plasma electrons (secondary electrons are only observed at
pressures lower than those used in this part of the experiment and
will be ignored for present), and the natural logarithm of the
plasma electron current is plotted against the applied voltage
(Fig. 4). This semi-log plot will ideally have two parts. First,

a linear part up to wp, and a second part that is not collinear with




the first. The voltage where this discontimuity oceurs is called
the plasma potential. The voltage difference over which I changes
by a factor e is the electron temperature Te’

There is a third parameter measured on the characteristic and

that is the plasma saturation current, the value of I at the dis-

continmuity mentioned above. This current can be writtenll
o 1/2
* —< )
Ipe-enA(gnm . (1)

A 1is the probe area, and Te is measured in energy units. For a

1/4" diameter probe the density can be written

8 _*
n=5.8 X 10 Ipe/ﬁe‘ (2)

3

- *
where n is in cm 7, Ipe is in mA, and Te is in eV, Now we have
measured, or calculated the plasma parameters from the character-

istic.

Multi-Dipole Operation
First consider the variation of ¢p with applied electréde
voltage ¢E (Fig. 5). Note that wp generally follows ¢E, although
initially mp > @3 then after ecpp/’I‘e @ 2 the opposite is true. The

difference between the applied voltage and plasma potential is on the

order of Te'

1




T, is presented (Fig. 6) as a function of 9. T is shown to
be a fairly constant function of P for e specific parameter set,
the error bars on Te are of the order 1/2 eV. Later it will be
assumed (Section IV) that Te is constant and these data show that
this assumption is warranted.
The density also increases as Pp increases. We call the ratio
3 of the density to its value with zero electrode bias the enhancement
* ratio (7). Fig. (7) shows the variation of 7 as @E increases.
Presented also in this figure is the dependence on P, and gap width.
Note the largest ratio of y is obtained when G = 12 mm and
P, =2 X 10™. The lowest value of » is obtained for P, =1X 2074

and G = 6 mm. These results for y can qualitatively be compared to

calculated values of y. This is done in Section IV.

Recall this experiment was initially intended to prove that
the electrodes improve the ion confinement, but ions have not been
discussed yet. We infer increased ilon confinement from the electron i
density increase. Physically, what is impeding the ion loss? If i
the ion loss area is reduced then the electrodes are improving the
ion confinement.

Looking for the reduction in loss area required making equi-
plasma potential contours around the cusp area. Since this area was
magnetic, a collecting Langmuir probe couldn't be used. However,

Smith et a1.12 showed that an emissive Langmuir probe could give the
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desired information. We used the inflection point method they
present.

The results are presented in Fig..(8). These results do
show the formation of an ion trap. In this case the ion trap
reaches 8 volts, but since the ions are very cold a trap of order 1
volt would be sufficient in these devices.

This figure also shows the reduction of the ion loss area.
The loss area is defined as AL = WLLc where Lc is the length of the
magnetic cusp. wL is an empirical loss width through which ions
with energy e(wp) + T, can flow out. (WP) means the plasma

¢ ¢
potential in the center of the device. The upper figure shows this

energy is E; = 0.3 + T, and the lower figure shows E2 =42 + T

i‘
= 3 mm. This

1 i

The corresponding loss widths are W. = 9 mm and WL

L
1 2
analysis was performed for many @5 and a linear relationship was

found between n and (W) "L (rig. 9).

Simulated Ton Source Operation
Operating the chamber as a simulated ion source was done by
covering one end of the cylinder by a grid (or a plate) and removing
the magnets and electrodes. We again measured wp, n, and Te as
functions of P Py Gap wldth was set at 12 mm.

Representative data are shown in Fig. (10). The polnts to

notice are: 1) ¢p is slightly less than @  at high electrode bias

and insensitive to whether the grid is floated or grounded, 2) the

R = s el tinsicntiiisiiimtinsnds
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density does saturate, but the saturation occurs at higher @z than
when the grid is not present, and 3) the factor by which the density
increases is greater for the grounded grid case. A simple calcula-
tion explaining the variation of density for a grounded and floating
grid is presented in the next section.

T, for the case shown in Fig. (10), is graphed in Fig. (11).
Again, Te is a fairly constant function of 5

Thus, overall the grid has very little impact on the varia-
tion of the measured parameters of the plasma with electrode bias.
Of course, the density is reduced because the grid presents a large
loss area for ions and electrons, there being nc magnetic shielding
of the grid. However, the main point is that whether the chamber is
operated as an ion-socurce or multidipole soup pot, the results are

qualitatively the same (compare Fig. 7 and Fig. 10).
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IV. THEORY

Numerical Estimate
This section will present a simple model that predicts a
density increase in qualitative agreement with the experiment. A
basic assumption used at this time is that the plasma potential is
increased as the electrode bias is increased, and about equal. In
the second part of section IV this assumption will be proved.

L The quantities to consider are the electron loss rate along i

the cusp at low electrode bias, and the electron loss rate across

the magnetic field at high electrode bias. These quantities are
considered because they are the dominant electron loss mechanisms.
The electron loss rate out the cusp can be expressed as:

e e

nv -eq /T
c e

(3)
The ion loss rate can be written:

v = %3 (A + AL, ) )
J./e is a Bohm loss flux which equals ncs/2. Al 1is the ion loss

area at the cusps and equals p Lc. p 1s an effective ion leak which

has been showu3 for similar devices to equal the r,, Lc is the

-~ - . . S
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total cusp length. the area of the filaments, is only 0.1%

Afil’

of A_, so we will ignore it. n, is the total primary and plasma

Ic
electron density, but the primary density is small so we approximate
n, by n, the interior plasma density. Ve is the electron thermal
velocity (ve =AJTT;7M;7, and c_ is the ion-acoustic velocity

(cs =,/§;7ﬁ27. The exponential takes into account electron electro-
static confinement along the cusp. The only quantity undefined is
v, which is an effective electron loss width, and the unknown of the
present calculation.

Equating the electron and ion loss rates, because charge

neutrality must be maintained, allows expression of v, in terms of

known parameters. Therefore,

% ve wc Lc € P *Ei “reri Lc (5)
é c e CPP/Te
‘ w, = 8 \Z"/reri e
1/4
m T e 9 /T
- £ L
=8 re(m T ) e (6)
-

Assuming an argon plasma with Te/Ti = 10 gives

e qap/Te

(7)

w, = 0.27 r, e
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Of course, v, is determined by physics other than that involving the
interior plasma potential @p. In fact, if v, is determined, then
this equation determines the plasma potential such that the electron
and ion loss rates are balanced. For example, using W, =Tgs then
gives e wp = 1.29 Te, a result which is very close to that experi-
mentally observed in the present work. Thus, wc cannot be greatly
different from r, or the predicted plasme potential will not agree
with the data. TFurthermore, in a discussion of the properties of
the systems as the electrode bias 1s changed, the electron loss
along the cusp will be completely dominated by the exponential terms
in Eq. (1) so the exact value used for v, is unimportant. Therefore,

we take w, =T, in the following and write

VeLe %'Ve r, L, e ° ¢p/Te . (8)

Now consider the case e rpp/Te >> 1. This, of course, results
from a high electrode bias. In this regime the electrons are
electrostatically trapped along the cusp, so the only loss process
for electrons is diffusion across the magnetic field lines.

Dolan defines a characteristic time for electron loss by

spatial diffusion to be:™




v = be electro
d number lost per second by diffusion

=~Id*n (9)
ja@& < (-D9n)

where ix is a volume element and d2 is a surface element of the
plasma. The surface element can be written da = Ldl where L is the
height of the plasma cylinder and dl is along the magnetic field.

Now
Rn=nln rpc (10)

with rp the radius of a cross section of plasma.

The diffusion coefficient is given by:lu

mT
D=-§'£\J (11)
e232 c

where vc is the effective momentum-transfer collision frequency for

electrons with ions, neutrals, and ﬁ field fluctuations in the limit
vc << wce. The density gradient may be approximated:

-Vn® n/§1 : (12)

where §l is the distance between flux surfaces ¥, and tl‘(Fig. 12).

*l is the flux surface that just touches the inner edge of the




electrode, and Wo is a flux surface that is a distance T, from the

center of the megnetic cusp.

Plugging these factors into Eq. (9) gives

2
mTr 2 e /m
. he] e

= . (13)
¢ I a Te vc/gl B2

Let §0 and Bo be the values of !1 and B at any arbitrary reference

point (Fig. 12). By magnetic flux conservation:

€3 =558 -

o~
=
-

vc and Te are constant in the main plasma volume because the
central plasma is field-free and uniform. We will assume that v

and T_ are constent all along ¥,. By definition a1’ = ae/om r_ and
B’ = B/By. Then:

2.2
r = e Bo gO p _ EO En (15)
d 2m T v X ~ _ 2 : ’
e e ¢ p v X
o ¢
X is written:1?
ul
X=NI -B;r-ﬁl (1€)
wl
scnasmmndiing sai. -
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N is the number of magnetic cusps, and P is the electron gyro-radius

at the reference point where EO and Bo are evaluated.

The cross field leak rate for electrons is defined

Verr = 7. (17)

where V is the plasma volume. Now substituting T d gives:

2
A -g e(cpp - @) /T,
v =V 22— ¢ . (18)
elT §O r
P
Now V/rp = A the surface area of the plasma:
A=8L , (19)

with S the distance between cusps (™ 8 cm) and L, the magnetic cusp
length., Now !O is the order of half the electrode gap G. The
electron gyro-radius at the boundary ¥, can be written p, = ve/Q
where @ is electron cyclotron frequency. The exponential is again

an electrostatic confinement factar with

>
1 q’p E
8=
>
0 cpE )
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N is the number of magnetic cusps, and P, 1s the electron gyro-radius

at the reference point where §o and Bo are evaluated.

The cross field leak rate for electrons is defined

i \'A (17)
veLT T \17/

where V is the plasma volume. Now substituting T4 gives:

2
p v -gel® -@.)/T
v =V —C o p E7e (18)
elT 4
0
Now V/rp = A the surface area of the plasma:
A=sL, , (19)

with S the distance between cusps (= 8 cm) and L, the magnetic cusp :
length. Now ;O is the order of half the electrode gap G. The
electron gyro-radius at the boundary *1 can be written Po = Vé/Q
where Q is electron cyclotron frequency. The exponential is again

an electrostatic confinement factor with

1 mp > ¢E
g =
>




The cross field leak rate is:

\

e -gele -9)/T
=nv r L * (=" p
e e ¢ Q

Je =%, (20)

o‘m

VelLT

-ge(® =)/
SveWTLce p EVTe (21)

Where in the last equation we define an effective cross-field

leak width, W s given by

v

< 3
Wip = hre 2 c . (22)
v, can be written, ignoring E field fluctuations, as
v o=y +v . (23)

where Vei is the electron-ion collision frequency and ven is the

electron-neutral collision frequency. Vv and Ven are estimated

el
as:15

5 . 3/2
Voy = b x 207 e ¥ (25)

_ 8 3/2
\Jen = 5,5 X 10 P, Te

(25)
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The density n is measured in cmns, P, in Torr, Te in eV, and v
in sec-l.

2 is the cyclotron frequency evaluated midway between the
cusps. Measuring the field strength along *l it was found that l§|
at this point is approximately 20 Gauss. Taking l'él = O in the
interior, we see an average Igl for electron diffusion is 10 Gauss.
This gives @ = 1.8 X 1O8 rad/sec.

Now taking the ratio of LS and W s assuming Te ~ 3 eV gives

r

w
c _ e __Go 6
Vip - hre v, o - 8s v, = (2.8 x 107 ¢)
Q G
-6 9 -1
X (7.7 xX10 " n + 2.86 x 10 po) . (26)

This expression with wc/wT normalized to G is graphed in Figz. (13).
-3 10 -3

This graph shows that for p_ ~ 10" and 10”7 en> s n = 1010 cm
then (wc/wT)/G ~ 8. Since 0.6 cm < G S 1.2 cm we see “hat
4.8 £ w_fun S 9.6.

In general, plasma density is determined by a balance of plasma
production and losses. The creation rate of plasma electrons can be
written as BId where Id is the filament discharge current and 8 de-
pends on the cross section for ionizing and nonionizing coilisions,

and on the primery electron confinement time. During an individusl

experiment BId was constant, independent of Pp > therefore




VeLe’
R @, will be proved later) then BI4 ~ Vorpe The last sentence

When @, = O and e qpp/Te ~ 1 means BI, ~

but when @, ~ @ >> T, /e

refers only to the dominant loss mechanism at a given limit for Q..

Equating the two loss rates shows

- e @ (0)/T
Q%?l v, W, Lc e P € - %%'ve w, L . (28)

The density ratio is

g W, -e <pp(0)/Te w,
nZOS W WT
Using the limits of wc/wT means
1.25 S gﬂs 2.5 . (30)
(o]

These values are in excellent agreement with the ratios observed in
Fig. (7).

At sufficiently high neutral pressure or low plasma density
where electron-neutral collisions dominate (veLc/veLT) aGfv, aG/p,.

However, if we consider the case of v _, >> Ven then

el
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v
ve&avia% . (31) J
elT ei

Here the effective cross field leak rate veLE is proportional to the
plasma density so the steady state density ratio is no longer
proportional to the ratio given by Eq. (29). The neutral pressure
and density at which the transition from v >> v towv >> v

en ei el en
depends on the particular plasma species and electron temperature.
The dependence of the enhancement ratio on the gap width G and the

discharge current Id can be seen as follows. At high electrode bias

the balance of electron production and loss (when v_, >> v ) can

el en
be expressed:
gt
BId o oy ve re Lc G (32)

so the density at high electrode bias goes like Ny a,JIdG . At low

electrode bias, when losses along the cusp dominate, the density is

proportional to I, so the ratio of density at high electrode bias to

d

zero blas is:

Q

&
Hl +~H
p‘C)

=Jz , (33)
Id

in agreement with Fig. (7).

ittt i i it . B C,
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Vardation of n with @- in a
i Multi-Dipole Field

The dependence of the density on electrode bias can be deter-

mined from:

-e® /'re - 2e(cpp - ¢E)/Te] (3ha)
e . 8

However, Eq. (3lLa) requires a relationship between ¢p and e To

find this relationship requires equating electron production and loss

-eq /T -gel® -@)/T
ol P e P E e
% Ve Lc[wc e * Wy e ]
E .
=5, k/reri L, R(wp, e:) - (3L4v)

where R is a retardation factor that is unknown, and Ven >> Vei is

assumed. This equation can be reduced to

- e /T, -8 e(¢p - @5)/T,

e + %e = 0.27 R (35)

where w_/w. ~ 8 has been used.
/T

Consider first 9; = 0, but ?, > 0 then Eq. (35) can be written

-eq /T
%e pe = 0027 (36\)




where R = 1 because the ions are lost by an unimpeded Bohm flux.

Therefore
e cpp/Te =1lh=e cpp(O)/Te .

-

> = = E !
Consider now @, > 0, but @, ¢p(o). When @ wp(o) Eq. (37)

becomes

% (0.27) + % - 0.27 R = 0.3678 (38)

or implies R > 1. However, R £ 1 so @p must increase as some

function of wE to keep R = 1. Since this function is unknown R
cannot be calculated, but limits of R can be obtained.
Assume initially that R = 1 and % > @;. Therefore Eq. (39)
is, solving for ¢p:
1+ % ee wE/Te
.27

=n(
e <Pp/’l‘e on( ). (40)
This equation satisfies ¢p > @, only if e @E/Te € 2. Therefore, R
must be less than 1 when e “’E/Te > 2. Let us now look for R, such
that @ = ¢p and define this R = Rmax' Therefore, Eq. (35) becomes

-e @ /T
E'7e [ L _
e +8—O¢27R (hl)
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-ecp/
orR .= 3.7(1/8 + e E

T
®). For this experiment O S e /T,
< 20 (T_ ~ 3 eV), therefore, 0.46 = R < 1.0.

e max

Consider ¢p < ¢E, now the only relationship between ¢p and wE
is through R. This regime is the case considered in Eq. (L40)
with vp replacing Ppe That is, for R as large as is physically
possible, @p = @E. We conclude that even if ion losses are retarded
only to the extent that they can physically balance electron losses,
we must have ~ .

%z~ %
The smallest R that is physically reasonable occurs when the

cusps are plugged by the electrode potential then

- he (e - @Pp)/Ti

R=e (L2)

where

h = .

Eq. (35) can be written
-ge(® -9)/T - he(®. - @_)/T
e P E'/"e =0.27 e E p/1 .
(43)

Note if g = 1 then h = O and vice versa. There cannot be plugging

-e @ /T
A A%

for electrons and ions at the same time. Eq. (43) can be solved




e i e i i i o~ » .
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numerically for wp as a function of ;. The solution set of Eq. (43),
= < - < -

for T /T, = 10 and @, < 9g, is that e(@p wp) T, and e(@y wp) is

largest when e faE/Te ~ 20 [i.e., e(q:E

potential is slightly less than the electrode potential. We conclude

- wp) = 0,08 Te]. So the plasms

from this that at elevated values of Pp> @p ~ % and we will assume
equality in the following.

Let us now consider the density dependence on ¢E. Using
w-T/wc = 1/8, and % = @, >> 0, the balance of electron production

and loss gives

- e 9 /T

- e . 1
BI4 =1 vy Lc wc[e + 8] . (Lh)
When QE = O then
- 0)/T
n(0) L © <pp( e
BI, ™ 5V, L, wc(l + 8) e . (45)
The density ratio is
-e wp(O)/Te
n__2e
n(0) ~ 8 -e ¢E/T . (46)
e ®+1/8

This equation is graphed in Fig. (13).
Now assume v_, >>v_ then Eq. (L4) vecomes

- e QE/Te

Q -—n— IS4
By ™ & Ve Lg Wc(e * 8n(0)) (W7)




L

=6
where cpE ~ QOP >> (0., Then:

-e @ (0)/T
n 9e P °
() = 8 (48)

n
e- e CpE/Te + n
8n(0)

This expression is also graphed in Fig. (13).

The above considerations show that a theory assuming the main
loss mechanism for electrons at large caE is cross field diffusion
Zives very good gqualitative agreement with the experimental results

of Section III.

Varjatijon of n with ¢E in the Presence

of an Extraction Grid

Now consider a problem simflar to the one just discussed, but
where one end of e-pot is replaced by a grid or metal plate. The
calculations discussed here will show good qualitative agreement
with experimental results presented earlier about simulated ion-
source operation.

First, consider the potential of a floating grid. The ion
current to such a grid with area Ag and at a potential wg can be
estimated to be Ig =enc Ag/2 provided ?, > @s. Ig will only have
variation with n, as we showed earlier Te is constant, and Ag is

constant. When the grid potential vg = @, the plasma floating po-

f
tential, the plasma must supply electron current to balance the ion
current. At high neutral pressure where the density of the primary

electrons is much less than the plasma density this balance glves

e e

—




for an argon plasma. However, at low neutral pressure the primary

electrons, with energy Ep , contribute a current Ip given by:8

= A -]
IIJ e o g v cos (51)
where
v cos 8 = J‘ & £(F)v cos © (52)

The distribution function f('w’) is characterized as a shell in

velocity spa.cel6'17
§(v - v.)
£} = ———23- (53)
L vp

where vp is primary electron veloeity. Therefore




where eV = e(cpp - wg). Then the expression for Ip is

v E -e(p -9)
- D, (2 D £ )
Ip en g( 7 ) (55
en E - e(mp - wg)
—Em P
e

The current balance gives

en E -e(p -9) -e(p -9 )/T
—P2 AT (X2 he] g P g’ e
n P ( Ep ) + en Aéd Te e
m 2mm
e c
en
=3 VI, A (57)
By

Since the right hand side of Eq. (49) is the same as Eq. (57)
requires that vp - ¢g must increase (reducing the plasma electron
current). This trend in wp - ¢g is shown in Fig. (1k4).

A similar calculation as was used earlier this section can
employed to calculate the density variation with L) when the grid
is in place. With a floating grid the balance of electron produc-

tion and loss can be written

R A - Mt e i | e 1y v T

Yoo et s E—————

S Ao LT TET M W n - o1 T A T e R PO



- & /T

p e -1 \
a [wc e *Wpt 2 Ag/Vé LC] (59}

n T

f

This expression ignores primary electrons so is only valid at high
pressure. This equation also shows that density is reduced by the
presence of the grid, but the variation with ¢E is not gqualitatively
changed.
If the grid is grounded, in the same limit as the floating

grid case, the density varies as:
-eq /T ha -ee/r L

D € P e

Rgn o (wc e +wp + _E-s e ) . (60)

When ¢g < 0 electron current will be less than when mg = 0, Then

the last term in the expression for n, will be less than for the

f
last term in Eq. (60). Then the ratio of (nf/ngn) <1. If ? >0
the opposite holds and nf/ngn > 1. These arguments are in quali-

tative agreement with the data shown earlier in Fig. (10).




V. SECONDARY ELECTRONS

One consequence of the elevated interior plasma potential is
the observation of secondary electrons by primary electron bombard-
ment of the chamber walls. These secondary electrons have a
characteristic signature in the Langmir probe trace that is clearly
distinct from the plasma and primary electron contributions.

The physical picture is a cold electron produced at the wall
being accelerated through the plasma-wall sheath at the gap and
forming a shell in velocity space at v =.J§_E_5;7ﬁ;. In ordinary
mlti-dipole devices this velocity is of orderAJE;7ﬁ; and the
secondaries merely spread out the Maxwellian plasma. The signature
left by secondary electrons, when projected onto a planar probe, is
a straight line starting at ¢ = O (Fig. 15). This straight line is
most easily seen when Po <1X 10-5. At the lower pressure, the
density of primaries, and therefore secondaries, is a large fraction
of the total electron density and therefore easily observed. Also.
at these low pressures the secondaries do not readily thermalize
with the plasma electrons.

The number of secondaries produced per incident primary is
called the yield (8). The 8 wanted is for production at the wall

and should not include production at the probe.




The probe current can be written

I = vE(v)[1 - 8(v, jlav (61)

Where b(vw) is the ratioc of secondary current to primary current.

The velocity of electrons at the probve, V,» 80es to zero when

2 2
= . E =
v =v in nergy conservation gives v + 2 e wp /m v, 8O
Viin = J-2e wpr7m where wpr is the probe bias and e/m is electron

charge to mass ratio. f£(v) is the velocity distribution for a shell

of monoenergetic electrons projected onto a one dimensional probe18

or
1 Osvs vb
£(v) = (62)
0 v <v
P

where v§ is the primary electron velocity. B(VW) is known to vary
with bombarding energy as shown in Fig. 16. For simplicity we assume

2
V.
6(v,) ~ (39 (63)

u

2
where v, 1s defined by E 1/2 Mv ", and E is the secondary

electron energy such that 8§ = 1 (Fig. 16). Thus, the probe current is

v 2
P vi+2eq /m
I« v(1- ) av (64)
vmin Va
. -




or

£E2-e%0 A1 (65)

1
X —— E + - -
T — {( L e wpr)(Eu e @ ) o or

u P

o -

where Ep = (1/2) mvpz. The primary electron current to the probe
when the probe is biased at wp, is the saturation current
¥*

I «<(E +e@ )/m
“p D D /

Hachenberg and Brauer19 list Eu &~ 200 V for tantalum, which
the probe was made from. The assumed form for 6(vw) is a slight
underestimation, but the maximum error is about 25% at Ep = 70 eV.

A representative probe trace which exhibits all three electron species
and effects from the probe is shown in Fig. (1€). Note the satura-
tion currents of the three components are comparable and that the
reduction in the epparent primary electron current is significant.

The fit of the three components is not sensitive to the yield
coefficient used for secondary electrons emitted at the probe.

Now that the saturation currents have been corrected they can
be used to calculate the yield coefficient at the chamber walls.
Secondaries are created at a rate given by bnp vp Ap where np is the
density of primaries, vp is primary electron velocity, and Ap is
primary loss area. Secondaries are lost either to the walls (AS) or
by inelastic processes identical to those involving primaries. If
the secondaries cause an ionization they lose enough energy to be

trapped and then lost by diffusion (recall Section IV). Balancing

production and loss gives




33
A = o] )
6np vp o ng vs(As + V i no) (€6)
where V is the plasma volume, ng is the neutral density and Gi is
the ionization cross section. The probe saturation currents for
¥
primaries and secondaries, I , are proportional to nv so Eq. (66)
gives
*
I As +Ve n,
s i o
e ] (67)
I
D D

The term Ap = rp Lc where rp is the primary electron gyroradius,

and Lc is total length of the magnetic cusps. Now rp = Q.WEP—/TB- .

Recall from Section II that at the wall B ~ 1 kilogauss so

Ty = 3.4 X 10-5 A/TP. A typical energy for primaries is Ep ~ 100 eV
2

or Ap =27 em .

The numerator of the bracketed term is not as easily calcu-
lated. It ié possible for As to be as small as T, Lc or as large
as GLc where ry is the secondary electron gyroradius and G is the
electrode gap, so 6 cm2 s As < 800 cm®. The ionization term, for
an argon plasma at neutral pressure p,, cen be evaluated using

3 16 16

V=2.2X10)+cm,°' = 2.4 x 10710 cn®, and n =3 X 10

i P, (Torr)

or

VO n ™ 1.6 X 10° p, (Torr) (68)




At p =5 x 107 Torr, this term is .8 cm-. Therefore the ioniza-
tion is negligible if As = 800 cm2 and non-negligible if AS =8 cmg.
The extreme estimates of the bracketed term gives 0.33 and 30.0.
Although Ep varied for data in this experiment, Es is determined by
the details of secondary emission and essentislly constant so the
bracketed term can be written O%JE;.

Experimental values of I:/I; are shown in Fig. (17). The
values of I:/I; are compaerable to 1.0 so the minimum value of & for
B = 100 &V is 0.35. A graph (Fig. 17) of § = (I:/I;) L0AE shows
the general initial trend for 6, where 10 is a representative value
taken for the numerator of the bracketed term in Eq. (67).

The above argument has shown that primaries can produce a
significant number of secondaries, However, the main point was to
consider the secondary electron contribution to the plasma. The
production rate of secondaries is 6np vp Ap while the production of
plasma electrons is np vi 6i ng V, ignoring primary and secondary
electrons degraded in energy by collisions. The ratio of secondary
production to plasma production is § AP/V 6i ng = 3L 6 when AP = 27cm2
and p_ =5 X 10-6 Torr. Using the minimum of 0.33 for 8 means that
6 AP/VGi ng 2 10 so more electrons are being produced by secondary
emission than by ionization.

It has been shown that plasma electrons are electrostatically
confined at the cusps and losses ocoir by diffusion between the
cusps. The secondaries are not electrostatically confined unless

they lose energy. The ratio of density of secondary electrons to 3
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plasma electrons can be quite high and their probe saturation
currents can be comparable. Since in conventional multidipole
devices e Cpp/Te & 1, the confinement of plasma and seccndary
electrons is essentially the same and this means neglecting the
secondary electrons could introduce large errors in calculations

involving plasma production and loss rates.

Secondary electrons have not been considered in previous
multidipole experiments because they are indistinguishable from
plasma electrons when wall sheaths are small. In addition, at high
neutral pressures primary electron densities are relatively low.
The presence of secondary electrons is not negligible for low neutral
pressure regimes. Calculations of particle and energy balance in
multidipole devices that do not take secondaries into account can
result in significant errors. Secondary electrons are also impor-
tant in interpreting Langmuir probe data. It is apparent that the
secondary electrons emitted from the probe can lead to substantial
misjudgement of the primary electron saturation current and conse-

quently the plasma electron temperature (Fig. &4).

: g e sl ®at o . J
A . . v S,




VI. RELATIVE TON DENSITIES

This section deals with experiments where the relative density
of the various ions species are observed. Directly measuring the
relative ion densities would give clear evidence concerning effec-
tiveness of electrodes in confining the ions. Showing that the
atomic ion density increases with electrode bias relative to the
molecular lon density could have a large effect on whether ion
source52O for neutrgl beam injectors are modified with electrostatic
plugging. Unfortunately, this measurement could not be performed.
The relative density measurement was attempted by three methods:

1) mass spectrometer mounted outside the chamber, 2) particle bursts

called pseudo-waves, and 3) mass spectrometer mounted inside the

plasma volume.

eor

The idea behind a mass spectrometer is fairly well known, but
to refresh the reader's memory the ideas are repeated. Consider a
particle with mass numﬁer A and atomic number Z with energy Zep. The
velocity of this particle is then v =AJ—-EE$7Kag'where m.p is the
proton mass. The magnetic field B required to turn the particle in a
circle of radius r as given by the Lorentz force is A m, v2/r = (2Ze/ec)
X vB. There is then a linear relationship between B2 and e®, The

slope is given by (2 mpcz/ea re) X (A/2). In the mass spectrometers




used here, r was kept constant and ions, assumed monocenergetic, were

detected after being bent through 180° as B was varied. Flux peaks
were observed at certain values of B for given ® and A. By plotting
these critical B values against wp’ the slope of the lines were deter-
mined. Then the ratio of the slopes is equal to the ratios of
(A/Z)i/(A/Z)j where i and j refer to specific ion species. The slopes
allow identification of the ion species, but no information about the
density. The density comes from the area under the peak observed
with the spectrograph. This area was approximated by using the full
width at half maximum (FWHM) multiplied by the maximm amplitude of
the peak.

The other method involved the use of particle bursts called
pseudo-waves. Pseudo-waves were first seen by Alexeff et za.l.2l in
1968. These waves were launched as a result of negative potential
pulses applied to a grid. They explained the launching of pseudo-
waves from a grid by considering an ion falling through a negative
potential well, precduced by the grid wire. If the pulse was removed
while the ion was at the bottom of the negative well, then the ion
will travel on with a velocity v = (2 eCPmax/Amp)% where @  is
the maximum amplitude of the pulse and a singly charged ion is
assumed. Likewise, if the particle is somewhere else in the well the
velocity is v =,J§_E$7K55'where % is the local pulse amplitude. Also,
positive pulses will work as a pusher of ions away from the grid.

The reason lon species identification is possible is that

heavier ions will travel slower so that the ion species will become

g




separate far from the launcher. This characteristic is inherent in

all waves, however, only pseudo-waves will show a change of wvelocity

with pulse amplitude. If you look at the current collected by the

receiver the time interval between the direct coupled signal and the

pseudo-wave will decrease as ¢max is increased and vice versa. So

the identification of pseudo-waves is possible and the identification
‘ of a pseudo-wave for a particular species is possible. The density

is calculated the same as for the mass spectrometer.

Experimental Results

External Mass Spec.
The external spectrometer was approximstely nine inches from
the plasme anode, and the beam line connecting the spectrometer to
the chamber was sheathed in W -metal to eliminate the fringing field

in the tube. The gyroradius was 4 cm, and the maximum magnetic field

strength was in excess of 2 kilogauss. The electromagnet was
powered by a programmable power supply, which was swept by a sawtooth
from an oscilloscope (Fig. 18).

The spectrographs were recorded on an x-y plotter where the

x axls was the output of the programmable power supply, and the y

axis was the output of an electrometer which showed the ion current
collected.
A typical spectrograph is shown in Fig. (19) and the magnetic )

field for each ion species is marked on the respective x axis. These
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values for B are used in the B2 versus ¢ plots to identify the ion

species (Fig. 20).

Knowing A/Z, and assuming Z = 1 for a hydrogen plasma, allowed

identification of H1+, H2+, and H3+. The quantity of interest is
the ratio of fluxes for Hl+ and H2+. The ratio (R) is found by {
measuring the areas under the Hl+ and Hg+ peaks (Fig. 19). From
several spectrographs it is possible to see the variation of R with “
vy (Fig. 20).

Depending on the choice of P, and wf the graph of R versus
@E could be made to do anything. However, taking wp - ¢f =90V

and P, = L x lO-5 Torr, the curve of the ratio follows very well
with the curve for plasma electron density (Fig. 7).

There are several difficulties in using an external spectrom-
eter. The beam line from the chamber to the spectrometer places the
exit port in the middle of a magnetic cusp line. The influence of
the surface magnetic field could greatly alter the ion extraction
at low ion velocities and would be different for different masses.
Also, the long path length allows the possibility of charge exchange
collisions and a change in the ion spectra.

Because of these possible errors a method for determining the

ion species composition needed to be carried out inside the chamber.

Pseudo-Waves
The pseudo-waves were launched from a grid with a diameter of

1.8 cm with 60 lines/inch. The collected current was displayed
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on an oscilloscope using a high gain plug=-in. The pseudo-waves were
located by varying the pulse amplitude and locating a wave that
moved properly. Once the waves were found, photographs were taken
of the display screen for measurements.

During the analysis only one pseudo-wave was observed. This
pseudo-wave had a velocity that an H * jon would have if launched

2

from the tail of the pulse sheath. A pseudo-wave for a H ¥

1 ion was
not observed because the velocity of such an ion would be buried in
the directly coupled signgl of the pulse, or if the distance traveled
by the wave was such that the wave was not buried then damping would
kill the wave before it could be detected. Due to the pseudo-wave

not being observed an internal mass spectrometer was built.

Internal Spectrometer

The internal spectrometer constructed was based on the design
of Ehlers et al.22 This spectrometer could produce a magnetic field
in excess of 1 kilo-gauss with a fringing field below 100 Gauss. The
field was produced by two coils with each coil made of 550 turns of
28 gauge enamel insulated wire. Between the pole faces a copper box
was used to short out electric fields where the ion current was
measured. The internal spectrometer had a 1.5 cm gyroradius and a
two grid entrance aperture. The outer grid was used to keep out
primary and plasma electrons, the inner grid was used to retard the
ion energy. The ion energy had to be reduced so the magnetic field,
lowered by heating, could bend the lon orbit in the required seml-

circle.
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This measurement was also inconclusive due to the poor resolu-
tion of the spectrometer. The poor resolution was a resﬁlt of the
fringing field, and that the particle orbit was poorly defined
because the entrance aperture was poorly collimated.

The meesurement of the fractional increase in Hl+ could not
be completed. The methods are theoretically valid but technically
hard to use. The measurement is important to show that the observed

increases in the ion density are due to increased confinement.




VII. SUMMARY

This thesis has presented experimental results of electro-
static plugging of multidipole cusps. The results show increased
ion and electron density and increasing plasma potential with
increasing electrode bias. A model is presented and shown to give
good qualitative agreement with the experiment. This work has also
found and measured the contribution of secondary electrons to the
plasma.

This work allows other experimentalists the ability to have
"high" density plasmas at elevated plasma potentials. This freedom
allows further investigation of secondary electrons, increasing the
density of a particular ion species over another, or any other

project requiring this combination of parameters.
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LANGMUIR PROBE SWEEP CIRCUIT
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Figure 2. Schematic of Langmuir Probe sweep circ-it.
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Semi-log plot of probe current vs. probe voltage (from
Fig. 3). The effect of incorrectly removing the primary
electrons is seen to raise the plasma electron tempera-
ture.
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Figure 7. Plasma density versus electrode bias at several values
of neutral pressure for 6 mm and 12 mm electrode separa-
tion (same data as Fig. 6).




Figure 8.
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(b)

Equipotential contours (in volts) determined by an emissive
probe.
a. Electrode bias at 2V, negtra; pressure equal to
8 X107 Torr, n = 2 X 107 cm >, _
b. Electrode hias gt 50 V, at 8 X 10 5 Torr,
n=6x10" cm “,
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Figure 9. Variation of experimentally measured loss width with
electrode bias. Upper figure shows linear relation
between density and inverse loss width.
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Figure 10. Plasma potengﬁal and density versus electrode bias
@ at 1 X 10 * Torr in the presence of a large

extraction grid. Data 1s given for floating and
grounded grids.
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Figure 12. Geometry involved in Eq. (9).
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A-GBI~1145

-100 -50 O 50 100
PROBE BIAS (volts)

A representative Langmuir probe trace (labelled DATA).
The plasma potential was 81.5 V. Data has been displaced
slightly to allow comparison with the fit to the data.
The contributions from the plasma electrons Ie, primary

electrons Ip and secondary electrons Is are separately

indicated. The neutral pressure was 5 X 10-6 Torr.
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A-GB82-1T79
MASS SPECTROMETER CIRCUIT
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Figure 19. Schematic of externally mounted mass spectrometer
experiment.
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Figure 21. Top three curves show the square of magnetic field for
maximum flux vs. plasma potential. The bottom graph
shows variation of density of atomic hydrogen to
molecular hy'droggn with plasma potential when Ep =90V
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